The catalytic properties of ferric ions introduced in MFI-type zeolites were investigated for redox reactions in view of their chemical environment.
The catalysts used were MFI-ferrisilicate with isolated Fe3+ in tetrahedral coordination, iron oxide supported on MFI-silicalite (FeOx/sil) with Fe3+ in octahedral coordination, and Fe3+-exchanged ZSM-5 (FeZSM-5).
The specific activity of Fe3+ for oxidation of CO with O2 decreased in the order: FeOx/sil>FeZSM-5>ferrisilicate.
The low activity of ferrisilicate was explained by the low reactivity of its lattice oxygen for oxidizing CO.
Ferrisilicate exhibited higher selectivity for the oxidative dehydrogenation of alkane into alkene than FeOx/sil and FeZSM-5. The low activity for the secondary reaction of initially produced alkene as well as for the direct oxidation of alkane into carbon oxides resulted in the high selectivity of ferrisilicate.
In the case of the reduction of NO with NH3, ferrisilicate and FeZSM-5 catalyzed the reaction with high selectivity in the presence of oxygen, while FeOx/sil catalyzed the reaction in the absence of oxygen.
In the presence of oxygen, FeOx/sil catalyzed the oxidation of NH3 into NO to retard the reduction of NO.
The chemical environment of Fe3+ ions may correspond to the reactivity of lattice oxygen around the ions, which can be visualized as catalytic properties in redox reactions. bond as in pure oxides. Of course, zeolite can be a typical support having a high specific surface area for the dispersion of particles of transition metal oxides. The catalytic properties of the transition metal cations of metallosilicates have been studied mainly with titanosilicate1),2), because titanosilicate has been revealed to have a unique catalytic performance for the hydroxylation of organic substrates using hydrogen peroxide as an oxidant compared with conventional supported titania catalysts. This unique property is explained by the difference in the coordination state of Ti4+ though the active site may not have the tetrahedral coordination as expected from the structure of metallosilicates3). Therefore, other metallosilicates could provide a new environment for the transition metal cations to be unique redox catalysts. However, studies on other metallosilicate catalysts have been concentrated on their acid catalysis4)-7).
In this paper, we took up a ferric cation, Fe3+, as a catalytically active species. Three different catalysts containing the ferric cations were prepared in the forms of ferrisilicate, Fe3+-exchanged ZSM-5, and iron oxide supported on silicalite. These catalysts all have the same MFI-type (ZSM-5 type) structure. The catalytic properties of the ferric cation for the oxidation of CO and hydrocarbons and the reduction of NO are discussed based on its coordination state.
Preparation and Characterization of Catalysts
Ferrisilicate with a MFI structure was synthesized hydrothermally using a sodium silicate solution and ferric nitrate as Si and Fe sources and tetra-n-propylammonium bromide as a template8),9). Hydrothermal crystallization was carried out at 438K for 3 days, that resulted in MFI ferrisilicate with the Si/Fe atomic ratio of 47. It was ionexchanged with an aqueous solution of NH4NO3 (0.1mol l-1) then calcined at 773K in air to obtain proton-form ferrisilicate.
Fe3+-Exchanged ZSM-5 (FeZSM-5) was prepared by usual ion-exchange technique using NaZSM-5 (Si/Al=29) and an aqueous solution of FeCl3 (0.1mol l-1) at 298K. The Fe3+-exchange level was 48%, which corresponded to the Si/Fe ratio of 177. Iron oxide supported on silicalite (FeOx/sil) was prepared by the usual impregnation technique using MFI-type silicalite and an aqueous solution of Fe(NO3)3. The iron content in FeOx/sil was 1.9wt%, which corresponded to the Si/Fe ratio of 50. All the catalysts were finally calcined in air at 773K. The detailed procedure is given elsewhere10),11). XRay diffraction patterns of the above catalysts consisted exclusively of the diffraction for MFI structure. On the other hand, the spectrum of ferrisilicate (c) shows only a broad singles with IS=0.22mms-1.
This IS value coincides with the values reported for Fe3+ ions with tetrahedral coordination in iron oxides12) and in ferrisilicate13). Therefore, we conclude that Fe3+ ions in our ferrisilicate constitute the framework of ferrisilicate structure with tetrahedral coordination and that ferrisilicate does not contain particles of iron oxide as extralattice species. Mossbauer spectrum of FeZSM-5 did not give any useful information because of the low concentration of iron. The incorporation of Fe3+ in the framework of ferrisilicate was also ascertained by ion-exchange capacity, by generation of Bronsted acid sites, and by IR spectra in the framework vibration region14).
Oxidation of CO
In order to clarify the catalytic properties of Fe ions in different environments, oxidation of carbon monoxide was examined because of the simpleness of the reaction that would make it easy to differentiate the catalytic activity of these Fe ions for oxidation reactions. A comparison of the activity was carried out using the same amount of iron each for the three catalysts (Fig. 210) ). A mixture of CO (60 Torr) and O2 (140 Torr) was introduced onto the catalyst at 673K and the pressure was monitored with the circulation of the reactant. As shown in Fig. 2 , the pressure decreased in a similar manner on both FeZSM-5 and FeOx/sil which indicated that these catalysts had comparable activities for the CO oxidation. As mentioned above, the iron species in FeOx/sil we do not know their particle size, only a portion of the Fe3+ ions should be on the surface to act as active site, whereas every Fe3+ in FeZSM-5 can act as active (b) and Ferrisilicate (c) Measured at Room Temperature sites. Therefore, the specific activity of the Fe3+ ion in FeOx/sil would be higher than that of Fe3+ in FeZSM-5.
On the other hand, ferrisilicate gave a much smaller pressure decrease than the others. The dispersion of Fe3+ in ferrisilicate is essentially 100%. It is concluded that the specific activity of the Fe3+ ion for the CO oxidation decreases in the order: octahedrally coordinated Fe3+ in FeOx/sil, free Fe3+ in FeZSM-5, and tetrahedrally coordinated Fe3+ in ferrisilicate.
Kinetic studies were carried out to clarify what caused these differences in the oxidation activity of Fe3+ ions.
The rate of CO2 formation was measured with various partial pressures of CO and O2 under low conversion levels at 623K10). In the case of ferrisilicate, the rate (r) was expressed as follows:
where k1 is a rate constant and P(CO) and P(O2) are the partial pressures of CO and O2, respectively. It is suggested that the CO oxidation occurs through the reaction between an adsorbed CO and a dissociated oxygen on the catalyst surface.
In the case of FeOx/sil, the rate equation obtained was as follows:
The reaction order with respect to the oxygen pressure was zero, which was totally different from that on ferrisilicate. Equation (2) indicates that the reaction occurs through a redox mechanism. The adsorbed CO is oxidized with the catalyst, i.e., the lattice oxygen, to form CO2, and the catalyst is re-oxidized with the gas-phase O2 in which the former CO oxidation is the rate-determining step.
This mechanism is similar to that reported The reaction mechanism could be the same as that on FeOx/sil. In such a case, the reactive oxygen could be the extralattice oxygen as in the case of FeY and Fe-mordenite15).
These results suggest that the difference in the activity of the iron catalysts for CO oxidation may be explained by the difference in the reactivity of the lattice oxygen in the catalysts.
The reactivity of the lattice oxygen was studied for ferrisilicate and FeOx/sil using isotopes of oxygen11). Figure 3 shows the time course of the reaction between C16O and 18O2 on FeOx/sil at with reaction time, reaching 22% after 3h. At the initial stage of the reaction (3-15min) where the conversion was less than 5%, C16O2 was observed as the main product (a). The fractions of C16O2 and 16O in CO2 (b) approached unity when they were extrapolated to reaction time zero, while the fraction of C16O18O approached zero. This indicates that the initial reaction is the oxidation of CO with the lattice oxygen (16O) instead of the gasphase oxygen (18O). The fraction of 16O in CO2 The amount of lattice oxygen calculated as oxide ions of Fe2O3 particles in FeOx/sil was twice as much as that of CO introduced as a reactant.
Therefore, only part of the lattice oxygen could contribute to the redox cycle. It is suggested that the diffusion of oxide anions inside the bulk of Fe2O3 particles is very slow compared with the rate of CO oxidation, which retards the contribution of bulk oxide ions to the redox cycle. The increase in the fraction of C18O2 shown in Fig. 3(a) cannot be explained sorely by the above mechanism.
It was observed that 18O exchange between C16O and 18O2 to form C18O did not occur significantly during the CO oxidation. Therefore, 18O exchange between CO2 molecules might be the cause of the C18O2 formation. Figure 4 shows the equilibration reaction between C16O2 and C18O2 on FeOx/sil.
The fraction of C16O18O was higher than that of C16O2 and that of C18O2 at the initial stage of the reaction.
They did not change with reaction time.
It was revealed that the exchange took place rapidly to reach equilibrium.
This could be the reason why C18O2 was produced as shown in Fig. 3(a) . The fraction of 16O in CO2 (b) was close to 0.5 indicating that the oxygen in CO2 could be exchanged with only part of the lattice oxygen. From the above results, the reaction scheme of CO oxidation on FeOx/sil having octahedrally coordinated Fe3+ can be expressed as shown in Fig. 5 . In step 1, CO is oxidized with the lattice oxygen at the surface of Fe2O3 particles to form CO2. The oxygen vacancy thus created is reoxidized with gas-phase oxygen (step 2), which induces incorporation of gas-phase oxygen into the catalyst.
As steps 1 and 2 occur repeatedly, the surface lattice oxygen becomes rich in oxygen from the gas-phase resulting in the oxidation of CO with the oxygen of gas-phase origin (step 3), which corresponds to the formation of C18O2 shown in Fig. 3 . The CO2 molecules thus produced can exchange their oxygen rapidly on the catalyst surface (step 4).
The reactivity of the lattice oxygen in ferrisilicate was examined in a similar manner to FeOx/sil.
It has been reported that the exchange between CO2 and the lattice oxygen in highly siliceous ZSM-5 zeolite is related to the concentration of defect sites16). Because ferrisilicate contains larger cations (Fe3+) than Al3+, ferrisilicate may have higher concentrations of defect sites than ZSM-5, resulting in the higher reactivity for the exchange with CO2. Figure 6 shows the oxidation of C16O with 18O2 on ferrisilicate measured at 673K.
The CO conversion increased with reaction time to reach 13% after 3h; the result was not much different from that on FeOx/sil obtained at 458K (Fig. 3) . At the initial stage, C16O2 and C16O18O were produced with a small amount of C18O2 (a). The formation of C16O2 indicated that the lattice oxygen was involved in the reaction, which was also evident from the fact that the fraction of 16O in CO2 was 0.73 at the initial stage (b). This fraction decreased very slowly with reaction time compared with that on FeOx/sil (Fig. 3) . The incorporation of the lattice oxygen continued to occur during the reaction on ferrisilicate.
When 5mg of ferrisilicate was used for the reaction at 773K, the incorporation of 17% of the total lattice oxygen into CO2 was observed after 20h of reaction.
The amount of the incorporated oxygen corresponded to 16 times as much as that of Fe3+. The reactive oxygen could have been that bound to Fe3+, because the incorporation of Fe3+, which is larger than Si4+, might have reduced the stability of crystal framework around it. Therefore, the involvement of a much larger amount of oxygen than that of Fe3+ is explained by the rapid diffusion of the lattice oxygen in ferrisilicate under the reaction conditions.
The kinetic results mentioned above did not suggest the involvement of the redox mechanism, i.e., the involvement of the lattice oxygen. Therefore, the lattice oxygen should not directly oxidize CO, which was also implied by the observation that the fraction of C16O2 did not approach unity when the reaction time was extrapolated to zero (Fig. 6) . The oxygen exchange between the gas-phase oxygen and the lattice oxygen of the catalyst could explain the formation of C16O2. We observed only a negligible formation of 16O18O and 16O2 in the gas phase.
We then examined the oxygen exchange for CO2 molecules as in the case of FeOx/sil (Fig. 4) . As shown in Fig. 7(b) , the fraction of 16O in CO2 exceeded 0.5 at the very beginning of the reaction of C16O2 and C18O2. The exchange between CO2 and the lattice oxygen was found to be fast compared with the CO oxidation.
This could be the cause of the C16O2 formation shown in Fig. 6 . The fraction of C 16O18O, the exchange product, was much higher than that of C18O2 (a) indicating that the oxygen exchange between CO2 molecules was also very fast on ferrisilicate.
From the above results, a reaction scheme of CO oxidation on ferrisilicate was proposed as shown in Fig. 8 . In step 1, CO is oxidized by oxygen, which may be the dissociatively adsorbed oxygen, on the surface of ferrisilicate. This is the ratedetermining step. The CO2 produced exchanges its oxygen easily with that of the lattice of ferrisilicate (step 2). Such reactive lattice oxygens are those surrounding the Fe3+ ion. The diffusion of the lattice oxygen anions is fast enough to scramble the oxygen between surface and bulk (step 3), which induces further incorporation of the lattice oxygen into CO2. The scrambling of oxygen among the CO2 molecules is also fast on ferrisilicate to reach equilibrium (step 4). We conclude that ferrisilicate with Fe3+ in the tetrahedral coordination is less active for the oxidation of CO than the supported iron oxide with Fe3+ in the octahedral coordination or than Fe3+-exchanged ZSM-5.
The high activity of the supported iron oxide results from the high reactivity of the surface lattice oxygen of Fe2O3 particles to oxidize CO into CO2. The lattice oxygen in ferrisilicate can react only with CO2 at a comparable rate for CO oxidation. Both the coordination state of Fe3+ and the reactivity of the 
Oxidative Dehydrogenation of Alkanes
The low oxidation activity of ferrisilicate observed for the oxidation of CO implies that ferrisilicate can be a good catalyst for partial oxidation of hydrocarbons.
Therefore, we examined the iron catalysts for the oxidative dehydrogenation (ODH) of alkanes into alkenes to clarify their performance for partial oxidation. The reaction was carried out using a fixed-bed flow reactor operated under atmospheric pressure.
In the case of the ODH of butane17),18), a mixture of butane, oxygen and helium with the molar ratio of 1/1/21 was fed onto the catalyst at a flow rate of 92ml min-1.
The conversion measured on the catalysts each with the same amount of iron was different among the catalysts; for example, 2.3% on ferrisilicate, 2.5% on FeOx/sil, and 6.9% on FeZSM-5 at 723K.
Thus, the activity decreased in the order:
selectivity of the catalysts is shown based on the number of carbons in the products of the ODH of butane. To obtain a comparable conversion level on each catalyst for comparison of selectivity, data were obtained at different reaction temperatures, i.e., 823K for ferrisilicate, 773K for FeOx/sil, and 723K for FeZSM-5 because such secondary reactions as ODH of butenes into butadiene and oxidation of butenes into carbon oxides would affect the selectivity.
On ferrisilicate, the main product was butene isomers (C4H8) formed through the ODH.
Further ODH of butenes into 1,3-butadiene (C4H6) was observed with deep oxidation into carbon oxides and cracking into C3 and C2 hydrocarbons (CKG). On the other hand, the main product on FeOx/sil and FeZSM-5 was CO2 and only slight yields of butenes were obtained.
Total selectivity to carbon oxides exceeded 80C-% on both catalysts.
It is clear that ferrisilicate has much higher selectivity for the ODH of butane than FeOx/sil and FeZSM-5 though its activity is the lowest. This high selectivity for the ODH could be due to the low activity for the deep oxidation into carbon oxides, which was expected from the results of CO oxidation mentioned above.
A significant amount of 1,3-butadiene was also observed on FeOx/sil. The selectivity to 1,3-butadiene was as high as 34C-% at 673K on FeOx/sil while it was only 5C-% on ferrisilicate. This is consistent with the previous report19) that Fe2O3 catalysts were active for the selective dehydrogenation of butene to butadiene. The ODH of propane was then performed on the same catalysts, each containing the same amount of iron20). A mixture of propane, oxygen and helium (1/1/21) was fed at 723K with a flow rate of 94ml min-1.
The selectivities of the three catalysts measured at 723K are shown in Fig. 9 . Though the conversion did not differ so much among the catalysts compared with the ODH of butane at 723K (ferrisilicate:
2.3%, FeOx/sil: 2.5% and FeZSM-5: 6.9%), the difference in the selectivity was larger than that observed in the ODH of butane (Fig. 9) . The selectivity to propene was 66C-% on ferrisilicate, while no formation of propene was observed on both FeOx/ sil and FeZSM-5.
Especially on FeOx/sil, the selectivity to CO2 exceeded 90C-%.
This result may be due to the secondary ODH of propene producing unstable propadiene which must have been oxidized rapidly into carbon oxides.
It is postulated that the high selectivity of ferrisilicate for the ODH of alkanes results from its low activity for the reaction of alkenes, which is the secondary reaction in the ODH of alkanes.
The ODH of 1-butene was carried out to clarify the ability of Fe3+ ions with different coordination states to activate alkenes.
The reaction conditions were similar to those of the ODH of butane and propane. Table 1 shows the results obtained at 723K on ferrisilicate and FeOx/sil.
The conversion was almost equal for the two catalysts. On ferrisilicate, the isomerization into trans-and cis-2-butene took place predominantly with slight yields of 1,3-butadiene and carbon oxides. The isomerization of butenes does not affect the selectivity for butenes in the case of the ODH of This can lead to high selectivity of ferrisilicate for the ODH of butane.
On FeOx/sil, the selectivity to 1,3-butadiene was almost as high as that to 2-butenes.
This may result in the relatively high selectivity to 1,3-butadiene in the reaction of butane mentioned above.
The selectivity to carbon oxides was not so high on FeOx/sil, though it was 82C-% in the reaction of butane. Therefore, in the case of the ODH of butane on FeOx/sil, carbon oxides could be formed mainly from butane instead of from butenes.
It is concluded that Fe3+ in ferrisilicate is selective for the ODH of alkanes compared with Fe3+ in FeOx/sil and FeZSM-5.
The high selectivity of ferrisilicate for the ODH of alkanes results from its low activity both for the direct oxidation of alkanes into carbon oxides and for the secondary reaction of alkenes into dienes and carbon oxides.
Reduction of NO with NH3 in Excess Oxygen
In the previous sections, we have revealed the catalytic properties of Fe3+ ions with different environments within the zeolite framework in view of catalysis in oxidation reactions. Their environments would also affect their behaviors in reduction catalysis. Therefore, we studied the iron catalysts for the reduction of nitric oxide with ammonia in the presence of oxygen21). Iron oxide has been reported to be active for the reduction of NO with NH3, though it is not so selective as vanadium oxide catalysts22),23). Fe-Exchanged Y zeolite24) and ferrisilicate25),26) were found to be active for the reduction of NO with hydrocarbons. Therefore, Fe3+ ions would have an intrinsic activity for the reduction of NO.
The reduction of NO was carried out with a fixed-bed flow reactor under atmospheric pressure. A mixture of NO (0.1%), NH3 (0.1%), and oxygen (2.0%) was fed onto the catalyst with a helium carrier at a total flow rate of 500ml min-1. Figure 10 shows the effect of reaction temperature on the conversion of NO and NH3 and the yield of N2. The weight of the catalysts was regulated to have the same amount of iron.
On ferrisilicate (a), the conversions and yield increased with reaction temperature to exhibit equal values at each temperature up to 773K. In this temperature region, the reduction of NO occurred selectively following the stoichiometry: a) Catalyst weight: 0.1g. b) Cracking products (C2 and C3 hydrocarbons). This was the same reaction proposed for vanadium oxide catalysts27) and H-mordenite28). At higher temperatures, however, NO conversion became lower than NH3 conversion with the N2 yield in between the two. We have reported similar results for Cu2+-exchanged ZSM-529) and proposed oxidation of NH3 with O2 occurring simultaneously with the reduction of NO (Eq. (4)) at higher temperatures.
The stoichiometry might be as follows:
In the case of FeZSM-5 (b), the reduction of NO (Eq. (4)) occurred selectively up to 673K and the oxidation of NH3 (Eq. (5)) decreased the selectivity at higher temperatures.
The activity of ferrisilicate and FeZSM-5 was almost equal at low temperatures but that of FeZSM-5 became higher at high temperatures.
The acid sites in protontype zeolites have been reported to be active for the reduction of NO with NH328),30)-32). Because FeZSM-5 could contain Bronsted acid sites caused by the multi-valent Fe cations, the reaction was also carried out on HZSM-5 (c) to clarify the contribution of the acid sites.
The activity was lower than that of FeZSM-5 at all temperatures. The concentration of acid sites in FeZSM-5 should be less than that in HZSM-5.
Therefore, the contribution of the acid sites in FeZSM-5 is not so high.
The activity of Fe3+ ions in FeZSM-5 must be higher than that of its acid sites.
Ferrisilicate also contains Bronsted acid sites, which could be the active sites for the reduction of NO as in the case of FeZSM-5.
In order to clarify the role of Bronsted acid site, ferrisilicate with various proton-exchange levels was used as the catalyst.
The proton-exchange level was reduced by the usual ion-exchange method using an aqueous solution of sodium nitrate. Figure 11 shows the effect of proton-exchange level on the yield of N2. The exchange with Na+ decreased the N2 yield only slightly even at the exchange level of 12%. The lowest exchange level corresponded to one-eighth of the amount of protons in the parent H-ferrisilicate.
Therefore, the Bronsted acid sites do not play an important role as regards the activity of ferrisilicate.
It is concluded that the Fe3+ ions are the main active sites in ferrisilicate for the reduction of NO with NH3.
In the case of the oxidation reactions mentioned above, FeOx/sil behaved in the manner similar to that of FeZSM-5.
It was expected that FeOx/sil would also be active for the reduction of NO with NH3. As shown in Fig. 12 , however, the result was totally different from that on FeZSM-5. At 673K, only a small amount of N2 was formed. By increasing the temperature, NH3 conversion increased substantially but the N2 yield did not increase so much.
NO conversion apparently resulted in the negative value, that is, the concentration of NO in the effluent exceeded that in the reactant.
The negative NO conversion suggests the formation of NO from NH3. In order to clarify the influence of side reactions, the oxidation of NH3 with O2 was carried out in the manner similar to that of the reduction of NO. Concentrations of the reactants were 0.1% for NH3 and 2.0% for O2. Figure 13 shows the yields of N2 and NO on ferrisilicate (a), FeZSM-5 (b), and FeOx/sil (c). For ferrisilicate and FeZSM-5, a significant amount of N2 was produced but no FeZSM-5 exhibited higher N2 yield than ferrisilicate, which is consistent with the higher oxidation activity of FeZSM-5 in the CO oxidation and oxidative dehydrogenation of butane.
On the other hand, FeOx/sil gave a higher yield of NO than that of N2.
The NO formation was considered to occur with the stoichiometry:
It is revealed that the NO formation through the reaction between NH3 and O2 results in the negative NO conversion in the reduction of NO with NH3 in the presence of O2 (Fig. 12) . It is clear that FeZSM-5 and FeOx/sil do not behave in the manner similar to the oxidation of NH3, which is different from the results of the oxidation of CO or alkanes.
It has been reported that the reduction of NO with NH3 is achieved in the absence of oxygen on transition metal cation exchanged Y zeolite, such as Cu2+-Y, Pt2+-Y, Fe3+-Y33). The reaction stoichiometry must be different from the reaction in the presence of oxygen.
We examined the possibility of the iron catalysts for the reduction of NO without oxygen. Ferrisilicate and FeZSM-5 gave only a negligible amount of N2 at 623K. Therefore, the reduction of NO proceeds only through the reaction of Eq. (4) on these catalysts. On the other hand, a significant amount of N2 was produced on FeOx/sil though it was essentially inactive in the presence of oxygen. Figure 14 shows the conversion of NO and NH3 and the yield of N2 plotted against the reaction temperature. The conversion of NO was slightly lower than that observed on ferrisilicate and FeZSM-5 in the presence of oxygen (Fig. 10) . The ratio of NOconversion/NH3-conversion/N2-yield was approximately 6/4/5, which indicates the reaction stoichiometry:
In the presence of oxygen, it is clear that the oxidation of NH3 (Eq. (6)) occurs predominantly on FeOx/sil. As described above, the activity for CO oxidation per surface Fe3+ in FeOx/sil was much higher than that of Fe3+ in FeZSM-5. This high activity of FeOx/sil for the oxidation is related to the high reactivity of the lattice oxygen in the supported Fe2O3 particles. It may be concluded that in the case of the reduction of NO with NH3, the high reactivity of the lattice oxygen in FeOx/sil results in the severe oxidation of NH3 with O2 to hinder the reduction of NO with NH3.
Conclusions
MFI zeolite is a useful tool to provide various well-defined chemical environments for Fe3+ ions. Free Fe3+ ions with high coordinative unsaturation can be obtained by usual ion-exchange with ZSM-5 zeolite, those in tetrahedral coordination with [SiO4] tetrahedra by synthesizing MFI ferrisilicate, and those in octahedral coordination with 
